Eukaryotic translation initiation factor 4A (eIF4A) has been proposed to use the energy of ATP hydrolysis to remove RNA structure in the 59 untranslated region (UTR) of mRNAs, helping the 43S ribosomal complex bind to an mRNA and scan to find the 59-most AUG initiator codon. We have examined the effect of changing the atomic composition and length of single-stranded oligonucleotides on binding to eIF4A and on stimulation of its ATPase activity once bound. Substitution of 29-OH groups with 29-H or 29-OCH 3 groups reduces ATPase stimulation at least 100-fold, to background levels, without significantly affecting oligonucleotide affinity. These effects suggest that 29-OH groups participate in an eIF4A conformational change that occurs subsequent to oligonucleotide binding and is required for ATPase stimulation. Replacing nonbridging oxygen atoms in phosphodiester linkages with sulfur atoms to make phosphorothioate linkages has no significant effect on stimulation, while substantially increasing affinity. Extending the length of an RNA oligonucleotide from 4 to ;15 nt gradually increases oligonucleotide affinity and ATPase stimulation. Consistent with this observation, the increase in affinity and stimulation provided by phosphorothioate linkages and 29-OH groups is proportional to the number of these groups present within larger oligonucleotides. Further, changing the position of blocks of phosphorothioate linkages or 29-OH groups within a larger oligonucleotide does not affect affinity and has only a small effect on stimulation. These observations suggest that numerous interactions between the oligonucleotide and eIF4A contribute individually to binding and ATPase stimulation. Nevertheless, significant stimulation is observed with as few as four RNA residues. These properties may allow eIF4A to operate within regions of 59 UTRs containing only short stretches of exposed single-stranded RNA. As stimulation increases when longer stretches of single-stranded RNA are available, it is possible that the accessibility of singlestranded RNA in a 59 UTR influences translation efficiency.
INTRODUCTION
To initiate translation, the 40S ribosomal subunit typically must find the 59-most AUG initiator codon in the 59 untranslated region (UTR) of an mRNA+ The ribosomal subunit is thought to accomplish this by first binding to an mRNA near the 59 cap and then scanning 59 to 39 along the 59 UTR in search of the first AUG codon+ These processes may be slowed by limited access to the 59 UTR+ Eukaryotic initiation factor 4A (eIF4A) has been proposed to promote translation initiation by using the energy from ATP hydrolysis to facilitate the loading of the ribosomal subunit onto mRNA and the removal of structure within the 59 UTR (for reviews see Hershey, 1991; Merrick & Hershey, 1996) + Determining the biochemical capabilities of eIF4A is a necessary step toward understanding its biological function and how it performs this function+ eIF4A is the archetypal member of the DEAD box protein family (Linder et al+, 1989; Schmid & Linder, 1992 )+ These proteins and the closely related DExH box proteins are involved in essentially all cellular RNA processes including pre-mRNA splicing, RNA degradation, ribosome biogenesis, RNA transport, and RNA localization (Wassarman & Steitz, 1991; Schmid & Linder, 1992; Lüking et al+, 1998 )+ eIF4A also shares sequence similarity with DNA helicases (Koonin, 1991; Gorbalenya & Koonin, 1993 )+ These observations support an RNA unwinding function for eIF4A and other DEAD box proteins, although alternative functions, such as maintaining the fidelity of biological processes by kinetic proofreading, rearranging RNA-protein interactions, and translocating complexes along RNA, have been proposed (Burgess & Guthrie, 1993; Staley & Guthrie, 1998; Lorsch & Herschlag, 1998a )+ eIF4A has been the focus of significant biochemical characterization+ In vitro, eIF4A bidirectionally unwinds duplexes containing single-stranded RNA overhangs+ This unwinding activity requires ATP, and is enhanced by the presence of another initiation factor, eIF4B, or by inclusion of eIF4A within the eIF4F complex (eIF4A•eIF4E•eIF4G) (Ray et al+, 1985; Lawson et al+, 1989; Rozen et al+, 1990; Rogers et al+, 1999 )+ Mutagenesis of motifs conserved among DEAD box proteins has helped to define the role of these motifs in this unwinding reaction, as well as in RNA and ATP binding, ATP hydrolysis, and translation initiation (Schmid & Linder, 1991; Pause & Sonenberg, 1992; Pause et al+, 1993 Pause et al+, , 1994 )+ The effect of RNA structure, other translation factors and ATP on RNA binding by eIF4A has been assayed using cross-linking and fluorescence techniques (Grifo et al+, 1982; Ray et al+, 1985; Goss et al+, 1987 )+ A kinetic and thermodynamic framework for RNA-dependent ATPase activity has been established (Lorsch & Herschlag, 1998a )+ This ATPase activity appears to drive a cycle of enzyme conformational changes that could promote RNA unwinding or perform other functions (Lorsch & Herschlag, 1998b )+ An essential aspect of the biochemical characterization of eIF4A is understanding how nucleic acids stimulate ATP hydrolysis+ Previously, it was demonstrated that RNA, but not DNA, stimulates ATP hydrolysis (Grifo et al+, 1984) and that this stimulation is not dependent on the sequence of the RNA (Abramson et al+, 1987 )+ Single-stranded RNA stimulates ATP hydrolysis much better than duplexes, hairpins, and other structured RNAs (e+g+, tRNA) (Abramson et al+, 1987; Lorsch & Herschlag, 1998a )+ Also, ATPase stimulation decreases when the length of oligo(A) is less than 12 nt (Abramson et al+, 1987 )+ However, it was not determined whether changing RNA to DNA or modifying RNA length affected ATP hydrolysis by reducing oligonucleotide binding or by reducing the stimulation provided by the bound oligonucleotide+ Distinguishing these effects is critical for understanding the nature of individual reaction steps and, ultimately, for obtaining a molecular description of the mechanism of action for this important enzyme+
We have measured the effect of varying the length, the 29-substituent of the ribose sugar, and the phosphate backbone of single-stranded oligonucleotides on their ability to bind to and stimulate the ATPase activity of eIF4A+ Further, we have measured the effects of changing the number and position of groups that are important for binding and stimulation within larger oligonucleotides+ The results provide a biochemical understanding of the distinct roles that features of nucleic acid structure play in oligonucleotide binding and ATPase stimulation+ Aspects of these biochemical findings that may be important for eIF4A's biological function are discussed+
RESULTS

Changing 29-OH groups to 29-H and 29-OCH 3 groups
The effects of changing the identity of the 29-substituent on eIF4A's ATPase activity were first examined by comparing the stimulation provided by a mixed sequence 17-mer oligonucleotide (MS 17 ) containing 29-OH groups to the stimulation provided by analogous oligonucleotides containing 29-H or 29-OCH 3 groups+ The fraction of inorganic phosphate product formed at various times during a reaction was measured using a radioactivitybased assay described in Materials and Methods with ATP•Mg subsaturating with respect to eIF4A (Fig+ 1A)+ The 29-OH-containing oligonucleotide, but not the 29-Hor 29-OCH 3 -containing oligonucleotides, stimulated ATP hydrolysis above the background rate observed in the absence of added oligonucleotide+ ATPase activity was measured at several concentrations of each oligonucleotide (Fig+ 1B)+ The dependence of the ATPase activity on the concentration of 29-OH-containing oligonucleotide exhibited saturation behavior+ The maximal rate constant for ATP hydrolysis with enzyme saturated with oligonucleotide [(k cat /K m ) ATP ] is 300-fold faster than the rate constant measured in the absence of added nucleic acid+ 1 In contrast, the 29-H-and 29-OCH 3 -containing oligonucleotides did not stimulate the ATPase activity, even at concentrations as high as 100 mM+ These results confirm the report that 29-H groups do not activate the ATPase activity (Grifo et al+, 1984) + To determine whether the absence of stimulation from these oligonucleotides arose from a lack of binding or from an inability to stimulate once bound, we tested the ability of the 29-H-and 29-OCH 3 -containing oligonucleotides to inhibit the RNA-stimulated ATPase activity of eIF4A (Fig+ 2)+ Both oligonucleotides inhibited the ATPase activity with similar concentration dependencies+ The curves through the data represent fits for inhibition by a single oligonucleotide (Scheme 1)+ Although there is some deviation of the data in Figure 2 , these are the largest deviations observed in this study+ 1 The saturation behavior of ATPase stimulation by oligonucleotides was fit to a Michaelis-Menten model (Equation 2)+ The nomenclature reflects that ATP•Mg was subsaturating in these experiments+ Thus, the rate constant for reaction with subsaturating oligonucleotide (Equation 3) is called k 3 rather than (k cat /K m ) oligo + Likewise, the rate constant for the reaction with enzyme saturated with oligonucleotide (Equation 4) is called (k cat /K m ) ATP rather than k cat + (k cat /K m ) ATP,app is the observed second-order rate constant for the reaction with subsaturating ATP and any specified oligonucleotide concentration+ Figure 3B is more representative of the data obtained in analogous experiments with several other inhibitory oligonucleotides and shows data that closely follow the dependence expected for inhibition by a single inhibitory oligonucleotide+ Further, ATPase activity was inhibited with 1:1 stoichiometry when eIF4A was titrated with a tight-binding inhibitory oligonucleotide ( (Lorsch & Herschlag, 1998a )+ Thus, substituting the 29-OH groups with 29-H or 29-OCH 3 groups has, at most, a small effect on binding, but once bound, these oligonucleotides do not provide measurable ATPase stimulation+
Substituting phosphodiester linkages with phosphorothioate linkages
The ATPase activity provided by U 15 RNA with either a phosphodiester [abbreviated (P-O)] or a phosphorothioate backbone [mixed stereoisomers, abbreviated (P-S)] was measured at several oligonucleotide concentrations (Fig+ 3A)+ Substitution of the (P-O) backbone with a (P-S) backbone had only a two-to threefold effect on the maximal rate constant (k cat /K m ) ATP , whereas K m oligo decreased at least 50-fold+ Consistent with this result, U 20 DNA with a (P-S) backbone [abbreviated U 20:29-H,(P-S) ] was a much stronger inhibitor of ATPase stimulation than the analogous (P-O)-containing oligonucleotide (Fig+ 3B)+ Because a minimum of 0+25 mM eIF4A was required to avoid significant loss of enzyme to tube walls (see Materials and Methods), only limits for the binding of the (P-S)-containing oligonucleotides could be obtained from these data+ This is because inhibition reflects the titration of enzyme with oligonucleotide at concentrations of oligonucleotide lower than the enzyme concentration+ Additional experiments were therefore performed to determine the actual binding constants for these oligonucleotides+ An inhibition constant can be determined from the effect of an inhibitory oligonucleotide, in this case U 20:29-H,(P-S) , on K m oligo for an activating oligonucleotide (Scheme 1)+ In the absence of inhibitory oligonucleotide, the activating oligonucleotide binds eIF4A to form the stimulated eIF4A•oligo act complex with an affinity described by K m oligo + The presence of inhibitory oligonucleotide sequesters eIF4A into the inactive eIF4A•oligo inhib complex, thereby increasing the observed value of the Michaelis constant (K m oligo,app ) as described by Equation 1a, which was derived from Scheme 1+ K i oligo can then be calculated from K m oligo,app , the actual K m oligo , and the concentration of inhibitory oligonucleotide according to Equation 1b, a rearranged form of Equation 1a+ Using K m oligo values obtained from the data in Figure 4A , this analysis provides a K i oligo of 24 nM for U 20:29-H,(P-S) + This K i oligo value is 500-fold smaller than the value of K i oligo (12 mM) for the analogous (P-O)-containing oligonucleotide (Fig+ 3B)+ As expected for a competitive inhibitor, the presence of U 20:29-H,(P-S) did not affect the rate constant with saturating poly(U) RNA+
An analogous strategy was used to determine the value of K m oligo for U 15 RNA with a (P-S) backbone [abbreviated U 15:29-OH,(P-S) ]+ Stimulation provided by 2) to yield K m oligo ϭ 13 mM for the phosphodiester oligonucleotide and K m oligo , 0+25 mM for the phosphorothioate oligonucleotide+ B: ATPase activity with subsaturating ATP•Mg (1 mM), 0+25 mM eIF4A and subsaturating U 20 RNA (3 mM) is inhibited by addition of U 20 DNA with a phosphodiester (Ⅲ ) or a phosphorothioate backbone (▫ )+ Normalized values were obtained by dividing the observed rate constants by the rate constant measured in the absence of inhibitory oligonucleotide+ Curves represent fits to simple inhibition model (Equation 5), yielding K i oligo ϭ 12 mM for the phosphodiester oligonucleotide and K i oligo , 0+25 mM for the phosphorothioate oligonucleotide+ U 15:29-OH,(P-S) was measured in the presence of an inhibitory oligonucleotide, U 20:29-H,(P-S) , which was included in the reaction to compete with U 15:29-OH,(P-S) for binding to eIF4A and thus increase K m oligo,app (Scheme 1)+ Figure 4B shows the effect of this inhibitor on the U 15:29-OH,(P-S) concentration dependence for ATP stimulation, giving observed K m oligo,app values of 5+7 and 11 mM with 1 and 2+5 mM U 20:29-H,(P-S) present+ With these K m oligo,app values and the value of K i oligo for U 20:29-H,(P-S) (24 nM, determined from Fig+ 4A), K m oligo for U 15:29-OH,(P-S) was calculated to be 0+12 mM according to Equation 1c+ K m oligo for this (P-S)-containing oligonucleotide is ;100-fold smaller than K m oligo for the analogous (P-O)-containing oligonucleotide (13 mM, Fig+ 3A)+ Another DEAD box protein, PRP16, also binds tightly to phosphorothioate oligonucleotides Given the unexpectedly strong interaction between eIF4A and phosphorothioate-substituted oligonucleotides, it was of interest to determine if other DEAD box proteins also bind (P-S)-containing oligonucleotides tightly+ The DEAD box protein Prp16 is an RNAdependent ATPase involved in pre-mRNA splicing (Schwer & Guthrie, 1991; Wang & Guthrie, 1998 )+ U 20:29-H,(P-S) inhibited the ability of poly(U) RNA to stimulate Prp16's ATPase activity .3,000-fold more than the analogous (P-O)-containing oligonucleotide (data not shown)+ The rate constant measured for Prp16 saturated with poly(U) RNA was not affected by the presence of the inhibitory oligonucleotide, consistent with competitive inhibition+ Thus, Prp16, like eIF4A, appears to bind (P-S)-containing oligonucleotides considerably more tightly than (P-O)-containing oligonucleotides+ Dependence of oligonucleotide affinity on the number and position of phosphorothioate linkages within an oligonucleotide Inhibition constants were measured for oligo(U) DNA of varying lengths with (P-O) or (P-S) backbones (Table 1 )+ For both (P-O)-and (P-S)-containing oligonucleotides, affinity increases as length is increased+ The ratio of the inhibition constants for (P-O) and (P-S) oligonucleotides of the same length isolates the effect of substituting (P-O) linkages with (P-S) linkages from the overall effect of changing oligonucleotide length (ratio, We also measured the inhibition constants for a series of U 20 DNA oligonucleotides containing a varying number of (P-S) linkages in an otherwise (P-O) backbone (Fig+ 5)+ As the number of (P-S) linkages increases, there is an increase in affinity, with an effect of four-to eightfold per added block of four or five (P-S) linkages+ In addition, the inhibition constants for different oligonucleotides containing equal numbers of (P-S) linkages are the same within error, suggesting that (P-S) linkages at different locations within the oligonucleotides provide similar increases in binding affinity+ Together, these observations suggest that (P-S) linkages distributed throughout most or all of a 20-mer oligonucleotide contribute to the increased binding+
Changing oligonucleotide length
Previously, it was found that the ATPase stimulation provided by oligonucleotides is length-dependent (Abramson et al+, 1987) + To distinguish the effect of length on oligonucleotide binding from its effect on ATPase stimulation within the enzyme•oligonucleotide complex, the Michaelis-Menten parameters for ATPase stimulation were determined for oligo(U) RNA of varying length ( (Abramson et al+, 1987; Goss et al+, 1987) , these observations suggest that oligonucleotide binding and ATPase stimulation occur within a site that accommodates 10-15 nt+ Nevertheless, substantial stimulation is observed with shorter oligonucleotides+
Dependence of stimulation on the number and position of 29-OH groups within oligonucleotides
Michaelis-Menten parameters for MS 17 oligonucleotides with mixtures of 29-OH and 29-OCH 3 groups were determined (Table 3) The values of (k cat /K m ) ATP for m 3 r 11 m 3 and U 10 are similar, suggesting that the stimulation provided by 29-OH groups is not inhibited by the flanking 29-OCH 3 nucleotides+ Further, k 3 , representing RNA binding and stimulation, is 20-fold greater for m 3 r 11 m 3 than for U 10 , indicating that the 29-OCH 3 -containing residues promote productive binding (Tables 2 and 3 )+ Thus, even though 29-OCH 3 residues do not alone provide stimulation in the bound complex, the flanking 29-OCH 3 -containing residues facilitate binding of the neighboring 29-OH groups in an active mode+ To test if the position of 29-OH groups within an oligonucleotide affects ATPase stimulation, (k cat /K m ) ATP was measured for a series of U 15 oligonucleotides (Fig+ 7)+ Each oligonucleotide contains six 29-OH nucleotides at different positions within an otherwise 29-H oligonucleotide+ All four oligonucleotides gave significant ATPase stimulation+ Nevertheless, positioning the 29-OH groups near the middle of the oligonucleotide, rather than at the edge of the oligonucleotide, gave three-to fivefold greater stimulation, although there was no positional effect on binding affinity+ These observations, combined with the above length dependence data, suggest that contacts within the stimulatory site are distributed over ;15 residues, with 29-OH groups possibly providing somewhat greater stimulation when positioned centrally in the nucleic acid site+
DISCUSSION
Biochemical features of oligonucleotide binding and ATPase stimulation
The analysis herein of the ATPase activity of eIF4A in the presence of a series of single-stranded oligonucle- The involvement of 2 9-OH groups in ATPase stimulation, but not oligonucleotide binding, indicate an eIF4A conformational change Substituting the 29-OH groups of an oligonucleotide with 29-H or 29-OCH 3 groups has little or no effect on oligonucleotide binding, but reduces ATPase stimulation below measurable levels+ However, as few as three 29-OH groups within a longer oligonucleotide are sufficient for measurable stimulation+ The simplest interpretation of these observations gives the following physical model+ In the oligonucleotide•eIF4A complex, the 29-substituents of the oligonucleotide do not interact with eIF4A+ Thus, oligonucleotides with 29-OH, 29-H, and 29-OCH 3 groups bind equally well+ Following the formation of the bound state, eIF4A undergoes an unfavorable conformational change to a conformation that is stabilized by interactions with the 29-OH groups, and this conformation gives stimulated ATP hydrolysis+ Thus, only oligonucleotides with 29-OH groups, and not those with 29-H and 29-OCH 3 groups, stimulate ATP hydrolysis+ It is not known if the interactions between eIF4A and the 29-OH groups are direct or indirect, although an interaction based solely on the sugar-pucker preference of the ribose ring is unlikely, as 29-OCH 3 substitutions favor the same sugar pucker (Uesugi et al+, 1979; Guschlbauer & Jankowski, 1980 )+ Finally, the absence of inhibitory effects on ATPase stimulation from 29-H and especially 29-OCH 3 groups within oligonucleotides containing some 29-OH groups suggests that there is flexibility within the region of eIF4A that interacts with the 29-substituents, such that unfavorable interactions are avoided+ This observation has implications for the biological function of eIF4A, as discussed below+ Contacts appear to be distributed throughout a nucleic acid site that accommodates 10-15 residues Extending the length of single-stranded oligo(U) RNA to 10-15 nt increases both oligonucleotide affinity for eIF4A ( Replacing the phosphodiester backbone with a phosphorothioate backbone increases oligonucleotide affinity for eIF4A without significantly affecting ATPase stimulation+ Increased binding correlates with the number of phosphorothioate groups in an oligonucleotide, and does not appear to depend on the position of the phosphorothioates within an otherwise phosphodiester backbone+ These observations suggest that, on average, an individual phosphorothioate linkage has a modest effect on binding of ;0+3 kcal/mol+ 2 The large overall increase in binding of 500-fold (3+7 kcal/mol) upon full phosphorothioate substitution of U 15 DNA arises from the combined effect of the multiple phosphorothioates distributed throughout the ;15-nt active site+ Consistent with a role for the phosphate backbone in oligonucleotide binding, the crystal structures of the DEAD box protein Hepatitis C Virus NS3 (Kim et al+, 1998) and of the related protein Escherichia coli Rep helicase (Korolev et al+, 1997) reveal an extensive interface between the enzymes and the phosphate backbone of complexed oligonucleotides+ In both structures, most of the hydrogen bonding between the enzyme and oligonucleotide appears to involve the phosphate backbone+ 2 Larger effects from particular stereoisomers at particular positions may have been obscured because the oligonucleotides are mixtures of stereoisomers (2 N isomers for an oligonucleotide with N linkages) and because the oligonucleotides can bind to eIF4A in different registers+ We also found that Prp16, a DEAD box family protein involved in pre-mRNA splicing, has an increased affinity for phosphorothioate-substituted oligonucleotides+ Strengthened binding upon phosphorothioate substitution has been reported for polyanion binding proteins on the cell surface (Stein & Cheng, 1993) and other nucleic acid binding proteins (for examples, see Mujumdar et al+, 1989; Gao et al+, 1992; Weidner et al+, 1995; Cheng et al+, 1997; Tramontano et al+, 1998 )+ Thus, phosphorothioates may increase binding by a general effect, such as easing the removal of associated solvent and metal ions and/or increasing oligonucleotide rigidity (Mujumdar et al+, 1989; Gao et al+, 1992; Benimetskaya et al+, 1995; White et al+, 1996 ; Tramontano et al+, 1998)+ It is also possible that differences in charge distribution, size, and polarizability of phosphorothioates fortuitously improve interactions within the binding sites (Frey & Sammons, 1985; Gao et al+, 1992; Tramontano et al+, 1998 )+ The increased affinity provided by phosphorothioates may provide a tool for studies of eIF4A and other nucleic acid-binding proteins+ In both functional and structural studies, phosphorothioates could be used to increase the affinity between an enzyme and a nucleic acid and to localize the enzyme at a particular position within the nucleic acid+ Phosphorothioates could also provide inhibitors that aid the biochemical dissection of complex processes, such as translation initiation, in reconstituted systems and might provide a starting point for the development of tight-binding inhibitors for drug targets such as the Hepatitis C virus NS3 helicase (Marshall & Caruthers, 1993; Kim et al+, 1998 )+
Implications of the biochemical features of RNA-dependent ATPase stimulation for eIF4A's role in translation initiation
eIF4A is thought to use its ATPase activity to promote translation initiation by removing structure within the 59 UTRs of mRNAs+ To stimulate its ATPase activity, eIF4A must encounter regions of single-stranded RNA, as eIF4A apparently cannot bind to or be stimulated by structured RNA (Abramson et al+, 1987; Lorsch & Herschlag, 1998a )+ Previous work (Abramson et al+, 1987; Goss et al+, 1987) and our results suggest that eIF4A's nucleic-acid site accommodates 10-15 nt of single-stranded RNA+ There are several nucleic acid enzymes, such as restriction endonucleases and poliovirus RNA polymerase, that have severely reduced activity in the presence of nucleic-acids substrates that are only 1 or 2 nt shorter than their respective site sizes (Lesser et al+, 1990; Alves et al+, 1995; Beckman & Kirkegaard, 1998 )+ However, a similar strictly defined site size for eIF4A would be problematic for its biological function+ This is because the prevalence of RNA secondary structure and RNA binding proteins renders the 59 UTRs of mRNAs unlikely to possess stretches of single-stranded RNA 10-15 nt in length+ This would be particularly problematic for highly structured 59 UTRs, which are presumably most in need of the unwinding activity of eIF4A+
The results herein reveal features of eIF4A's oligonucleotide site that may ensure its binding to and stimulation by 59 UTRs+ First, it appears that binding and stimulation are only gradually lessened as the length of single-stranded RNA is reduced, such that eIF4A can be significantly stimulated by as few as four RNA residues+ Second, it appears that contacts at different positions within eIF4A's nucleic-acid site can stimulate ATP hydrolysis, suggesting that eIF4A may be able to accommodate a number of the structural and steric constraints of the RNAs it encounters+
Although it appears to be advantageous for eIF4A to be stimulated by short stretches of single-stranded RNA, the stimulation provided increases with longer RNAs+ It has previously been noted that the thermodynamic stability of structures in the 59 UTR may influence the efficiency of translation initiation for a particular mRNA (Pelletier & Sonenberg, 1985; Kozak, 1986 )+ The length of single-stranded RNA regions within a 59 UTR could be used to set or regulate the ATPase activity of eIF4A, thereby providing an additional mechanism for influencing the rate that a particular mRNA is translated+
MATERIALS AND METHODS
Enzymes
The vector pET-4A for overexpression of eIF4AI (Mouse) in E. coli was the generous gift of N+ Methot and N+ Sonenberg+ Overexpression and purification of eIF4A were performed following published methods (Pause & Sonenberg, 1992; Lorsch & Herschlag, 1998a) , with the following modifications+ After the MonoQ, HiTrap Blue and HiTrap Heparin columns, fractions containing eIF4A were dialyzed against purification buffer (20 mM Tris-Cl, pH 7+4, 0+1 mM EDTA, 2 mM DTT, 10% glycerol) plus 100 mM KCl and applied to a Source 15Q anion-exchange column (Pharmacia)+ With a linear gradient from 0+1 to 1 M KCl in purification buffer, eIF4A eluted from the column at ;0+3 M KCl+ eIF4A was dialyzed into purification buffer with 80 mM potassium acetate (enzyme storage buffer) for storage at Ϫ80 8C+ Enzyme was .97% pure as judged by Coomassie staining of polyacrylamide gels+ Purified, recombinant Saccharomyces cerevisiae Prp16 was the generous gift of Y+ Wang and C+ Guthrie+
Nucleic acids
Poly(U) (Pharmacia) was purified by gel electrophoresis+ Oligonucleotides synthesized using solid-phase methods were obtained from the Stanford PAN Facility and Dharmacon Pharmaceuticals (Boulder, Colorado)+ Phosphorothioate linkages, with a single nonbridging oxygen replaced with a sulfur, were made without controlling for stereochemistry+ Thus, these oligonucleotides are mixtures of 2 N stereoisomers (N ϭ the number of phosphorothioate linkages in the oligonucleotide)+ Oligonucleotides were purified by anion-exchange highperformance liquid chromatography (HPLC) using a Dionex NucleoPac column with aqueous ammonium acetate as the eluant or by polyacrylamide gel electrophoresis+ Following purification, oligonucleotides were ethanol precipitated in sodium acetate, resuspended in water, and stored at Ϫ20 8C+ Controls with several oligonucleotides indicated that the method of purification had no effect on kinetic parameters for activation and inhibition+ To assess purity, several oligonucleotides were radiolabeled with [g-32 P] ATP using T4 polynucleotide kinase and gel electrophoresed+ Oligonucleotides purified by HPLC or gel electrophoresis were .95% or .90% homogeneous in length, respectively+
ATPase assays and kinetic analyses
General ATPase assay conditions [g- 32 P] ATP (ICN) and unlabeled ultrapure ATP (Pharmacia) in stoichiometric complex with MgCl 2 (hereafter ATP•Mg) were prepared as previously described (Lorsch & Herschlag, 1998a )+ ATPase assays were performed using trace [g-32 P] ATP (,25 nM) with varying concentrations of unlabeled ATP•Mg+ eIF4A ATPase reactions were carried out at 25 8C in 25 mM MES-KOH, 5 mM Tris-Cl, 30 mM potassium acetate, 2+5 mM MgCl 2 , 1+5 mM DTT, 2+5% glycerol, and 25 mM EDTA at pH 6+0 (these concentrations include contributions from the enzyme storage buffer)+ As reported previously, eIF4A is lost on tube walls even when using siliconized polypropylene tubes (Lorsch & Herschlag, 1998a )+ Thus, a minimum of 0+25 mM eIF4A was used in all reactions to avoid significant losses to tube walls+ Reactions (20 mL total volume) were initiated by the addition of 5 mL of eIF4A diluted to desired concentrations with enzyme storage buffer+ Aliquots were removed from the reactions at five to eight specific times and mixed with 1 vol of 25 mM EDTA, pH 8+0, to stop the reaction+ Radiolabeled inorganic phosphate (P i ) was separated from ATP using PEI-cellulose TLC plates (Baker) and the fraction P i was quantified using a PhosphorImager as previously described (Lorsch & Herschlag, 1998a )+ Because of strong product inhibition by ADP (Lorsch & Herschlag, 1998a) , initial reactions (,10% completion) were followed [under these conditions K i ADP is equal to 2 and 10 mM with subsaturating and saturating poly(U), respectively (data not shown)]+ Thus, the observed rate constant for ATP hydrolysis (k obs ) was obtained by taking the slope of fraction P i plotted against time+ Prp16 ATPase reactions were performed as above, but were carried out in 40 mM HEPES-KOH, 100 mM potassium acetate, 5 mM KCl, 0+5 mM MgCl 2 , 1 mM DTT, 1% glycerol, and 20 mM EDTA at pH 7+9+ 
Because a minimum of 0+25 mM eIF4A was required to avoid significant loss of enzyme to tube walls (see General ATPase assay conditions), competitive inhibition assays were used to measure values of K i oligo and K m oligo smaller than 0+25 mM+ To determine inhibition constants, the dependence of ATPase activity on poly(U) RNA concentration was determined in the absence and presence of a constant concentration of the inhibitory oligonucleotide to obtain K m oligo and K m oligo,app , respectively+ These Michaelis constants were used to calculate K i oligo according to Equation 1b, which was derived from Scheme 1 in Results+ All nucleic acid concentrations were kept in excess of enzyme concentration, and K i oligo values obtained directly and by this indirect assay agreed within twofold+ Consistent with competitive inhibition, inhibitory oligonucleotides had less than a twofold effect on (k cat / K m ) ATP , the maximal ATPase activity with saturating poly(U)+ An analogous strategy was used to obtain K m oligo for a tightbinding stimulatory oligonucleotide+ The dependence of the ATPase activity on activating oligonucleotide concentration was determined in the presence of a specific concentration of inhibitory oligonucleotide+ The inhibitory oligonucleotide competes for binding, thereby increasing the observed K m oligo (K m oligo,app ) to a value above the enzyme concentration (see Scheme 1 and Results)+ This measured value of K m oligo,app , the known K i oligo , and the concentration of the inhibitory oligonucleotide were used to determine K m oligo according to Equation 1c, derived from Scheme 1 (Results)+
Controls for competitive inhibition
The ATPase activity of eIF4A is very sensitive to changes in salt conditions (Lorsch & Herschlag, 1998a ; unpubl+ observations)+ The following observations strongly suggest that the observed inhibition is indeed due to competitive binding by the oligonucleotides+ (1) Inhibition could be rescued by the addition of excess activating oligonucleotide, consistent with competitive inhibition+ This rescue was independent of the order in which the activating and inhibitory oligonucleotides were added to a reaction, suggesting that inhibition is reversible and not due to enzyme inactivation+ (2) Reactions of eIF4A (0+25 and 1+5 mM) were inhibited by stoichiometric amounts of tight-binding MS 17 (P-S) DNA (data not shown; K i oligo ϭ 60 nM), suggesting that the oligonucleotide, rather than a contaminant, is responsible for the inhibition+ (3) Duplexes have no measurable affinity for eIF4A (Lorsch & Herschlag, 1998a )+ Addition of a complementary DNA oligonucleotide (nonstimulatory) to sequester a tight-binding, inhibitory oligonucleotide in a duplex reversed the inhibitory effect (data not shown), suggesting that the inhibitory oligonucleotide is directly responsible for the observed inhibition+ (4) The presence of an inhibitory oligonucleotide did not change the amount of soluble eIF4A that is detected with Bradford assays (data not shown), suggesting that the oligonucleotide did not inhibit the ATPase activity by increasing the amount of eIF4A that sticks to tube walls+
Estimation of errors
Typically, rate constants and K i oligo and K m oligo values measured in independent experiments on different days varied less than twofold+ However, reactions with rate constants within approximately fivefold of the background rate constant varied as much as fourfold+
